Defects in DNA mismatch repair (MMR) result in elevated mutagenesis and in cancer predisposition. This disease burden arises because MMR is required to correct errors made in the copying of DNA. MMR is bidirectional at the level of DNA strand polarity as it operates equally well in the 5′ to 3′ and the 3′ to 5′ directions. However, the directionality of MMR with respect to the chromosome, which comprises parental DNA strands of opposite polarity, has been unknown. Here, we show that MMR in Escherichia coli is unidirectional with respect to the chromosome. Our data demonstrate that, following the recognition of a 3-bp insertion-deletion loop mismatch, the MMR machinery searches for the first hemimethylated GATC site located on its origin-distal side, toward the replication fork, and that resection then proceeds back toward the mismatch and away from the replication fork. This study provides support for a tight coupling between MMR and DNA replication. mismatch repair | recombination | E. coli
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NA can be mutated following damage caused by exposure to chemical or physical mutagens or by errors in DNA metabolism, during replication, recombination, or repair (1) . Although replicative DNA polymerases have proofreading activities, they cannot avoid a low frequency of incorporation of noncomplementary deoxynucleoside triphosphates (dNTPs). It has been estimated that there are 10 −5 -10 −6 misincorporation events per replicated base pair (2) . Uncorrected errors of this kind (known as mismatches) will be converted into mutations, which have the potential to perturb biological processes in the next round of DNA replication. The DNA mismatch repair (MMR) system is a key DNA guardian that ensures the removal of the misincorporated nucleotides and thereby maintains genomic integrity. The MMR system has a defined substrate range, with different efficiencies of correction of single base mismatches and a 3-4 base size limit for the correction of insertion/deletion loops (IDLs) (3) (4) (5) (6) . This system is conserved in almost all organisms, with the exception of most Actinobacteria and Mollicutes, and parts of the archaea (7) .
When the replication machinery inserts a noncomplementary dNTP in the nascent strand of the E. coli chromosome, the MutS protein binds to the mismatch and recruits the MutL protein (8) . These two proteins activate the endonuclease MutH, which nicks the unmethylated strand of a hemimethylated GATC site to initiate removal of the nascent strand containing the mismatch (9, 10) . Following the passage of the replisome, GATC motifs remain transiently hemimethylated before methylation of the nascent strand by the Dam methyltransferase enzyme and can therefore be used to distinguish between parental and nascent strands (11, 12) . In vitro, MutH can distinguish between these strands by using hemimethylated GATC motifs located within a 2-kb distance of the mismatch, either on the 3′ or the 5′ side (13, 14) . UvrD helicase uses the incision made by MutH at the hemimethylated GATC motif as an entry point to unwind the nascent strand. One or more of the four exonucleases (ExoI, ExoVII, RecJ, and ExoX), depending on the required polarity of degradation, resects the unwound nascent strand (15, 16) . The single-stranded parental DNA is immediately bound by the single-strand DNA-binding protein (SSB) (17) . The DNA polymerase III holoenzyme then correctly resynthesizes the nascent strand and DNA ligase seals the remaining nick (16, 18) .
Most of the previous studies of MMR have been based on in vitro experiments using linear or closed-circular heteroduplex DNA substrates in defined systems (19) (20) (21) . These in vitro studies have shown that an incision of the nascent strand can occur either on the 3′ or the 5′ side of a mismatch, depending on the position of the hemimethylated GATC motif recognized by MutH (22, 23) . Using electron microscopy and end labeling, Grilley et al. have shown that the single-stranded DNA region created after an excision reaction lies between the mismatch and the closest GATC motif (15) . A hemimethylated GATC motif recognized on the 3′ side of the mismatch requires a 3′ to 5′ exonuclease (e.g., ExoI or ExoX), and ExoVII or RecJ cleaves the single-stranded DNA when a hemimethylated GATC motif is recognized on the 5′ side of the mismatch (5′ to 3′ cleavage).Therefore, in vitro, the cleavage reaction of the MMR system is bidirectional (15, 16) . However, in vivo, an MMR system that is bidirectional with respect to DNA polarities could nevertheless be unidirectional with respect to the chromosome. In fact, a unique directionality of MMR with respect to DNA replication would explain the evolution of bidirectionality at the level of strand polarities as mismatches on both the leading and lagging strands need to be repaired. Fig. 1A distinguishes directionality at the level of strand polarity from directionality at the level of the chromosome and illustrates how directionality relative to the replication fork can lead to bidirectionality of resection polarities. Blackwood and collaborators found that MMR at the site of an unstable trinucleotide repeat (TNR) array caused a stimulation of recombination at a nearby 275-bp tandem repeat. This stimulation occurred only when the tandem repeat was placed on the origin-proximal side the TNR that had generated a high frequency substrate for MMR (24) . This Significance DNA mismatch repair (MMR) is critical to avoid mutations that can lead to genetic disease, cancer, and death. The MMR system is evolutionarily conserved from bacteria to humans and is an example of a remarkable molecular machine. Here we show that this machine operates unidirectionally with respect to the chromosome of Escherichia coli. The most likely explanation for this directionality is that the MMR machinery is associated with the complex responsible for DNA replication. We suggest that this association facilitates the mechanism of strand discrimination in MMR.
result suggested that MMR might be directional in a chromosomal context. We have now tested this hypothesis and shown that the MMR system of E. coli has a unique chromosomal directionality.
Results MMR Is Unidirectional in the E. Coli Chromosome. Length instability at the level of a single trinucleotide unit in a CTG·CAG repeat array that is inserted in the chromosome of E. coli is elevated in MMR deficient cells (24) . This elevation of mutation occurs to an equal extent in mutS, mutL, and mutH mutants indicating that correction of the 3-base IDL, precursor to a single trinucleotide repeat unit change, occurs by a normal MMR reaction involving recognition by MutS and strand cleavage by MutH (24) . This is as expected for a 3-base IDL, which has been shown to be corrected with an efficiency close to that of a G·T mismatch (the best recognized single base mismatch) (6) and contrasts with changes of two or more CTG·CAG trinucleotide units, which are not elevated in MMR deficient cells (24) , as predicted by the inability of the MMR system to recognize an IDL of 5 bases (6). Accordingly, a CTG·CAG repeat array can be used as a source of frequent 3-base IDL mismatches at a defined chromosomal locus for the study of MMR in vivo. In this work, we have used a repeated array of 98 copies of CTG·CAG (294 bp) where the CTG repeats are located on the leading-strand template in the lacZ gene of the E. coli chromosome (Fig. 1B) . The variation of length of the repeat array at the level of a single trinucleotide unit has been defined as "single-unit instability," which is used as a quantitative phenotype reflecting the efficiency of the MMR system. We have focused on the directionality of MMR as defined by the use of GATC sites on both sides of the TNR. This was carried out by generating sitespecific mutations that modified the GATC sites but retained their coding sequences via synonymous substitutions.
No significant change of single-unit instability was observed following the modification of all of the GATC motifs within a 2.3-kb region on the origin-proximal side of the TNR. In this situation, the next available GATC site was located at a distance of 2,339 bp from the TNR (P2339) and the frequency of singleunit instability remained equivalent to that observed for wild type cells [D472(wt)] (Fig. 2) . We conclude that GATC motifs within the first 2.3 kb on the origin-proximal side of the TNR are not required for the excision reaction during DNA mismatch repair while origin-distal GATC motifs are present.
On the other hand, the frequency of single-unit instability of the TNR started to increase when GATC motifs beyond 1 kb were modified on the origin-distal side of the TNR (D1356 onward in Fig. 2) , while keeping the origin-proximal GATC motifs intact. The level of single-unit instability increased 2.9-fold over that observed for [D472(wt)] when all of the available GATC motifs within a 2-kb region on the original-distal side of the TNR were modified (D2369). However, the level of single-unit instability observed for D2369 did not reach the level of that in a mutS background. The difference of instability frequencies between the mutS background and D2369 is statistically significant at a 95% confidence level (p value = 0.0317), indicating that an in vivo separation of 2 kb between the mismatch and the closest remaining GATC site did not totally abolish MMR. This contrasts with the situation observed in vitro where a separation of 2 kb abrogates MMR (15, 25, 26) . Nevertheless, our data clearly show that the DNA mismatch repair system has a preference for recognition of GATC sites on the origin-distal side of the TNR.
Our next step was to extend the distance between the nearest available GATC motif and a mismatch further beyond the 2 kb in vitro limit. As there were many closely spaced GATC motifs just beyond the 2-kb boundary on the origin-distal side of the TNR in the E. coli genome, we extended the GATC-free region by inserting a non E. coli DNA sequence in the strain D2369. A 2.3-kb-long GATC motif-free DNA sequence was isolated from the fission yeast Schizosaccharomyces pombe and inserted at a site 200 bp from the TNR on the origin-distal side. In that strain [D4600(Sp)], the total length of GATC motif-free sequence on the origin-distal side of the TNR reached 4.6 kb. The frequency The MMR complex has the potential to scan the chromosome for a hemimethylated GATC site in the direction of movement of the replication fork (i) or in the opposite direction, away from the replication fork (ii). Mismatches are shown on both the leading and lagging strands. However, in reality they are most likely to be present in either one or other of these two locations at a given time. It can be seen that if the scanning for a hemimethylated GATC is unidirectional with respect to the chromosome because of the direction of movement of the replication fork, this can lead to bidirectional resection to repair mismatches on both the leading and the lagging strands. (B) Schematic representation of the locus of interest and the experimental design to investigate the influence of GATC sites on MMR and tandem repeat recombination associated with MMR. The native GATC motifs within the 5-kb region surrounding the CTG·CAG TNR array are shown. There are thirteen GATC motifs within the 2.5-kb region on the origin-proximal side of the TNR, of which, two (P128 and P224) are situated between the TNR and the site of insertion of the zeocin cassette. On the origin-distal side of the TNR, there are nine GATC motifs in the first 2.5-kb region. The E. coli chromosome is shown as a horizontal blue cylinder, the TNR is shown as a green band and the zeocin cassette is shown as two tandem red cylinders. GATC motifs are shown by amber bands with their respective names based on their positions. "P" and "D" correspond to the origin-proximal side and the origin-distal side of the TNR, respectively, whereas the number indicates the distance between the GATC motif and the TNR.
of single-unit instability in this strain rose close to that observed for a DNA mismatch repair deficient background (mutS; p value = 0.9451 at 95% confidence level), indicating little or no MMR (Fig. 2) . This implies that the GATC sites on the origin proximal side of the TNR (which remained present in this situation) were not used to direct repair.
Our data have allowed us to calculate the relative efficiency of MMR as a function of the distance between a mismatch and its nearest GATC motif on the origin-distal side of the TNR (Fig.  S1 ). The efficiency of the MMR system in a wild type cell has been defined as 1 and that in a mutS mutant has been set to 0. Sequential modifications of GATC motifs on the origin-distal side result in the loss of efficiency of MMR as depicted in Fig.  S1 . Fitting an exponential trend line to the data reveals that the MMR system is 50% less efficient when the distance between the TNR and the next available GATC motif is 2.8 kb.
To determine whether a single origin-distal GATC site located close to the TNR was able to restore MMR, we inserted an ectopic GATC site (via synonymous substitution) at 567 bp on the origin-distal side of the TNR in the strain D2369 (D567-1G; Fig.  S2 ). In this strain, the frequency of single-unit instability of the TNR returned to a similar level to that observed in wild type cells [D472(wt)]. This experiment suggested that a single origin-distal GATC site at 567 bp from the TNR was efficiently recognized. To confirm that this site was indeed recognized at close to 100% efficiency, we modified the same region (567 bp origin distal to the TNR) to include three tandemly repeated GATC sites (D567-3G). Because that did not further increase the efficiency of MMR we concluded that a single origin-distal GATC site at this distance from the TNR was already recognized with maximal efficiency.
The Efficiency of MMR Depends on the Length of the Excision Tract.
To investigate whether the observed decrease in efficiency of MMR with respect to the separation between the mismatch and the closest origin-distal GATC site was determined by recognition of the GATC site implicated in the reaction or the length of the excision tract, we investigated a second reaction implicating MMR. It has previously been shown that recombination at a split zeocin resistance recombination reporter cassette (zeocin cassette) on the origin-proximal side of a TNR (Fig. S3) is stimulated by MMR (24) . The rate of recombination was found to be a function of the distance between the TNR and the zeocin cassette and could be detected as far as 6.3 kb away on the origin-proximal side of the TNR. Here, we have studied the recombination level at the zeocin cassette as a function of the location of the first available GATC site to initiate the MMR reaction. In this experiment, we placed the zeocin cassette at 500 bp on the origin-proximal side of the TNR, as indicated in Fig. 1B (Fig. 3) . Nevertheless, these experiments Fig. 2 . MMR as a function of GATC site availability. Frequencies of single-unit instability of the TNR in strains with different distances to the nearest originproximal or origin-distal GATC sites. The distance to the first available GATC site from the TNR is indicated on the x axis and the height of the corresponding columns shows the frequency of single-unit instability (y axis). Error bars represent SEs of means. Strains are numbered according to the distance to the first GATC motif present, with "P" and "D" representing the origin-proximal side and the origin-distal side of the TNR respectively. The strain containing the wildtype GATC motif is named D472(wt) and D4600(Sp) represents the strain including a 2.3-kb GATC-free section of S. pombe DNA with a 4.6-kb GATC-free region on the origin-distal side of the TNR. The mutS strain refers to the strain D472 mutS TNR + in the Table S1 , which contains all of the native GATC sites from the chromosome. All of the strains used in this assay contain the TNR. Fig. 3 . Tandem repeat recombination as a function of GATC site availability. Rates of recombination at a zeocin cassette in strains with different distances to the nearest origin-proximal or origin-distal GATC sites. The rates of recombination at the zeocin cassette are shown along the y axis for strains with different distances to the first available GATC site from the TNR (indicated along the x axis by the number following "P" for origin-proximal side and "D" for origin-distal side of the TNR). Error bars represent upper and lower limits of 95% confidence intervals.
revealed that, as for MMR, the rate of recombination was sensitive to the separation of the TNR and the zeocin cassette from the first available origin-distal GATC site. We have quantified the effect of the distance between the mismatch and the first available GATC site on the origin-distal side of the TNR by plotting the relative recombination efficiency as a function of this distance (see Supporting Information for the calculation of relative recombination efficiencies). Here, we have defined the strain with wild type GATC sites [D472(wt) TNR + ] to have a relative recombination efficiency of 1 and the mutS mutant (D472 mutS TNR + ) to have a relative recombination efficiency of 0. As can be seen in Fig. S4 , the recombination efficiencies decreased as the distance between the first available GATC site and the TNR (or the zeocin cassette) increased. However, the slope of the exponential fitted curve is approximately half that for MMR (compare Figs. S4 and S1 ). The data predict that a 50% recombination efficiency will be reached when 6 kb separates the first available GATC site and the TNR.
The observations that the efficiencies of MMR and of zeocin cassette recombination are affected by the separation between the TNR and first available origin-distal GATC site argue that origindistal GATC sites are implicated in both reactions. However, the difference in the efficiencies of the two reactions was surprising given that both excision to mediate MMR and excision to stimulate zeocin cassette recombination were expected to pass through the TNR and to enable repair. We considered that sensitivity to the separation between the TNR (or zeocin cassette) and the first available origin-distal GATC site might either reflect a diminished probability of recognizing a GATC site with distance from the mismatch or a diminished probability of an excision tract covering the distance between the GATC site recognized and the TNR (or zeocin cassette). Given that there is no reason to expect two different modes of recognition of the same origin-distal GATC site, we argue that two lengths of excision tracts must exist. We propose that MMR is primarily mediated via shorter tracts that do not need to extend far beyond the mismatch, whereas longer tracts are responsible for zeocin cassette recombination at a greater distance beyond the initiating mismatch. Because both reactions are expected to involve excision tracts that remove the mismatch in the TNR, the shorter tracts must be more frequent than the longer tracts to explain the observation of two different efficiencies as a function of separation of the mismatch and the first available origin-distal GATC site. The fact that two reactions, which are initiated at the same GATC sites, are differentially sensitive to the distance of the first origin-distal GATC site from the TNR provides strong evidence that the lengths of the two different classes of excision tracts are the primary in vivo determinants of the ability of a distant GATC to stimulate MMR or recombination.
RecQ Helicase Is Not Implicated in the Longer Excision Tracts. We have tested whether the RecQ helicase might be implicated in the longer excision tracts, by extending excision tracts initiated by UvrD. This was an attractive hypothesis as RecQ is a non-MMR helicase with a 3′ to 5′ directionality that can bind ssDNA-dsDNA junctions and stimulate recombination. However, the rates of recombination at the zeocin cassette were similar independently of the presence of RecQ in strains where 4.6 kb of DNA separated the TNR and the first origin-distal GATC site [D4600(Sp) TNR + ] (Fig. S5) .
Discussion MMR Is Unidirectional with Respect to the E. coli Chromosome. We have shown that to correct IDL mismatches the MMR system of E. coli uses the GATC sequences present on the origin-distal side of a TNR located in the chromosomal lacZ gene. Given that IDLs are created during DNA replication and that hemimethylated GATC sites, which direct the strand specificity of MMR, are transiently generated during DNA replication, we propose that it is the first GATC site between the mismatch and the replication fork that is normally recognized during MMR. Unidirectionality of the MMR system with respect to chromosomal DNA replication explains bidirectionality at the level of the strand excision, as MMR is required to occur on both the leading and lagging strand of the replication fork (15) .
Our assay relies on the observation that the frequency of singleunit TNR changes (+1 and −1 TNR) in a CTG·CAG repeat array is dependent on MMR catalyzed by MutS, MutL, and MutH (24) . This is consistent with a conventional MMR reaction to correct a 3-nucleotide IDL, generated in the TNR during DNA replication and known to be a good substrate for MMR (6) . For this reason, we have made the simplifying assumption that the TNR is providing an elevated frequency of 3-nucleotide IDLs for conventional MMR detected in our single-unit instability assay. However, we cannot formally exclude the possibility that some other features of the repeat array are contributing to the frequency of single-unit changes. It is well known that trinucleotide repeats can form pseudohairpins in vitro (27) (28) (29) (30) (31) (32) that have been implicated in large-scale TNR changes in many experimental systems including the E. coli chromosome (33, 34) . We suspect that these large pseudohairpin structures are not implicated in our single-unit TNR changes, but if they are, the repair reaction must involve the three components of conventional MMR (MutS, MutL, and MutH) and must demonstrate the chromosomal directionality that we have detected.
Further experiments are required to determine the molecular basis of this directionality. However, codirectionality of hemimethylated GATC recognition and DNA replication provides a mechanism for origin-distal GATC motif scanning via a known interaction between the MutS protein and the β-clamp (35, 36) . Following recognition of the mismatch by an ADP-bound form of MutS, this protein is converted into an ATP-bound sliding clamp (2) . The interaction between MutS-ATP and the β-clamp of the replisome would provide the possibility of a rapid and directed scanning for a hemimethylated GATC site on the origin-distal side of the mismatch, as shown in Fig. 4 . Upon identification of a hemimethylated GATC site, the incision of the nascent strand would be carried out by MutH in conjunction with the matchmaker protein MutL.
The Maximal Distance, Measured Between a GATC Site and a Mismatch, for Productive MMR Is Longer in vivo than in vitro. Our data suggest that the efficiency of MMR is reduced to 50% in the presence of 2.8 kb of DNA between the mismatch and the GATC site used to initiate resection. This distance is greater than the limit of 2 kb observed in vitro (15, 25, 26) . This difference could be explained if scanning for a hemimethylated GATC site is unidirectional in vivo because of the interaction between MutS and the β-clamp (as described in Fig. 4 ). If so, scanning for a hemimethylated GATC site might in fact not be the factor determining the maximal in vivo distance separating a mismatch and a GATC site for productive MMR, while it might be critical in vitro. We have determined that only seven regions of the E. coli chromosome have GATC motifs separated by distances greater than 2.8 kb. These regions are either derived from prophages or present in rhs loci, which have an unusual base composition and are subject to complex inheritance patterns (37) (38) (39) (40) .
Different Lengths of MMR Excision Tracts Are Formed. MMR mediates the repair of mismatches and stimulates recombination at a zeocin cassette located up to 6.3 kb away from a TNR (24) . Both reactions involve the recognition of a GATC site on the origin-distal side of the TNR. However, the zeocin cassette recombination reaction implies the existence of longer resection tracts extending beyond that observed in vitro (15) . Here, we show that MMR and zeocin cassette recombination are differentially affected by the distance between the first origin-distal GATC site and the TNR. This differential effect argues that two different lengths of excision tracts are generated during MMR.
The shorter tracts must be more frequent as they are primarily responsible for MMR and only need to reach the mismatch for repair to occur. We have no evidence for where they terminate. However, they may indeed terminate within 100 nucleotides beyond the mismatch, as demonstrated in vitro (15) . The longer excision tracts that lead to zeocin cassette recombination must be less frequent as they do not determine the efficiency of MMR but extend significantly beyond the mismatch. They are less sensitive to the distance between the mismatch and the first GATC site, suggesting that they are intrinsically longer (more processive resection). We have eliminated the possibility that the longer excision tracts are caused by the action of the RecQ helicase. Further work is required to determine the molecular basis of the differences between these lengths of excision tracts. For example, it is known that several alternative nucleases can substitute for each other in excision tract processing (16, 41) and this nuclease choice might determine excision tract length.
The Success of MMR as a Function of the Distance between the Mismatch and the First Origin-Distal GATC Site Is Determined by the Length of the Excision Tract. We have considered two possibilities to explain the effect of the separation of the mismatch from the first origin-distal GATC site on the efficiency of MMR and of zeocin cassette recombination. First, the recognition of a hemimethylated GATC site is sensitive to the distance from the mismatch. Second, the processivity of resection determines the length of the excision tract. Given that there is no reason to propose two different modes of GATC recognition for excision tracts of different lengths, the fact that these events are differentially affected by the distance between the first origin-distal GATC and the TNR argues that it is the length of the excision tract that determines the success of MMR. This fits with the model presented in Fig. 4 , where MutS is carried forward with the replisome facilitating the unidirectional scanning of DNA for a hemimethylated GATC site. We can estimate the length of the excision tracts that mediate MMR assuming that GATC sites are recognized equally well, are recognized independently of their distance from the TNR in the range of distances that we have investigated and that resection from the first origin-distal site (at 472 bp from the TNR) always reaches the mismatch. Given these assumptions, the observation that the efficiency of MMR is reduced to 50% with a separation of 2.8 kb between the mismatch and the first available GATC site argues that 50% of these excision tracts measure this distance. By a similar argument, our data argue that 50% of the excision tracts that mediate zeocin cassette recombination measure 6 kb plus the distance required to uncover at least one copy of the repeated section of the zeocin cassette. Because the zeocin cassette is located 500 bp on the origin-proximal side of the TNR, the zeocin cassette includes a repeated sequence of 275 bp and the TNR measures 294 bp a successful excision tract must reach ∼1.1 kb farther than the distance between the recognized GATC site and the TNR. The 50% length of these longer excision tracts is therefore estimated to be ∼7 kb.
Implications for Eukaryotic MMR Systems. In eukaryotic cells, MMR is primarily initiated by the MutSα (MSH2/MSH6) or MutSβ (MSH2/ MSH3) complex, which is then followed by the MutLα (MLH1/ PMS) protein. There is no separate MutH endonuclease homolog. However, MutLα has been shown to have endonuclease activity (42) . Strand discrimination is carried out via the recognition of nicks in the nascent strand and it has recently been shown that these nicks can be generated via the removal of ribonucleotides from this DNA strand (43, 44) . The roles of helicases and exonucleases in eukaryotic MMR are only partially understood. No helicase has been shown to be required for the resection reaction but this does not exclude the possible involvement of helicases (45) . The exonuclease activity of Exo1 can provide 5′ to 3′ resection in the absence of a helicase (46) . Furthermore the endonuclease activity of MutLα can nick a strand 5′ of a mismatch that was originally nicked on the 3′ side, allowing access to a 5′ to 3′ nuclease such as Exo1 (42, 47) . However, the 3′ to 5′ exonuclease activities of polymerases δ and e have also been implicated in MMR (48) . As in E. coli, the eukaryotic MutS complexes interact with the sliding clamp (49, 50) . Therefore, whatever the transduction pathway to resection and the final polarity of that resection, we expect that MMR in eukaryotic cells will also show chromosomal directionality.
Materials and Methods
Bacterial Strains. The construction and genotypes of the strains used are provided in the Supporting Information.
MMR Analysis. Fragment length analysis of the TNR is described in the Supporting Information.
Recombination Analysis. Fluctuation analysis of recombination frequencies at the zeocin cassette is described in the Supporting Information. Recognition of an origin-distal hemimethylated GATC site by the MutSLH complex. Through continued association with the β-clamp, MutS slides with the replisome and becomes associated with MutL and MutH. This triple complex recognizes the first hemimethylated GATC site encountered in the direction of replisome movement. In these figures, mismatches are shown on both the leading and lagging strands. However, in reality replisome complexes are likely to encounter a mismatch on either the leading or the lagging strand at a particular time.
